The long-range internal stresses (LRIS) associated with the Bauschinger effect were investigated using synchrotron X-ray microbeam diffraction and reversed deformation experiments.
Introduction
The Bauschinger effect occurs when, after strain hardening, a reversal of the strain direction leads to ''early'' yielding; isotropic hardening is not observed. The flow stress (yield stress) in the reverse direction appears ''premature.'' An understanding of the Bauschinger effect is important for cyclic deformation as it may explain stress saturation at the relatively low stresses at which persistent slip bands (PSB) often form, leading to extrusions/intrusions and fatigue cracking. The Bauschinger effect is also important for understanding springback in metal forming.
Currently, there are two main explanations for the Bauschinger effect: One involves long-range internal stresses (LRIS) and another relies on the heterogeneous distribution of dislocation obstacles independent of long-range internal stresses (LRIS). Mughrabi [1] and Pedersen [2] suggested that high dislocationdensity regions such as cell walls, persistent slip band dislocation walls, and dipole bundles are associated with relatively high yield stresses, while the lower dislocation-density regions (e.g., cell interiors) have lower yield stresses simply through the Taylor equation for dislocation hardening [3] . During plastic deformation, these ''hard'' and ''soft'' regions are compatibly sheared. Since the flow stresses are different, dislocations must exist between these two regions giving rise to the heterogeneous stress state. Such a composite model was suggested to rationalize the Bauschinger effect. For example, as soft and hard regions are unloaded from a tensile stress state, the hard region eventually places the soft region in compression while the hard region is still under positive stress. Thus, the Bauschinger effect occurs on stress reversal because the soft regions plastically deform earlier than would be expected for the isotropic case. A very simplified composite model for LRIS [1] and the associated Bauschinger effect is illustrated in Fig. 1a . LRIS appear as local deviations from the applied stress in a loaded material. In Fig. 1a ,
where s y w is the yield stress of the dislocation walls, s y I is the yield stress of the dislocation cell interiors, s a is the applied stress, and Ds w and Ds I are the LRIS in the composite structure. It should be emphasized that this simple schematic is idealized and is just an example of how LRIS can lead to a Bauschinger effect. In reality, Fig. 1 may not be perfectly representative of complicated dislocation microstructures and may preclude conclusions regarding the magnitude of LRIS that can lead to a Bauschinger effect. The Orowan-Sleeswyk model, on the other hand, considers the Bauschinger effect to be essentially independent of any LRIS (whether they exist or not). Rather, it is a consequence of a non-uniform distribution of dislocation obstacles such as in Fig. 1b [4, 6] . Gliding dislocations encounter an increasing (linear) density of dislocations and the flow stress increases. On reversal, however, the obstacle spacing for the same gliding dislocations is much less, and the flow stress, at least initially, is less than for ''forward'' slip. Eventually, the reversed gliding dislocation will encounter a similar spacing of dislocations as with the forward sense just prior to unloading. Sleeswyk et al. [6] suggested that this would occur after a reverse strain, b, of about 0.01-0.03 plastic strain, depending on the material. Interestingly, at saturation of the flow stress, this value of b doubles, possibly coincident with the formation of cell walls (and possible LRIS) which could be associated with dislocations passing from one cell wall to the opposite side of the cell. This is illustrated in Fig. 2 . Here, the Bauschinger effect is suggested to be configurational and principally a consequence of the dislocations arranged in a non-uniform array.
There is a similarity between the microstructures discussed by Orowan-Sleeswyk and Mughrabi. The difference between the two is in approach. The microstructures discussed by Mughrabi and Orowan and Sleeswyk have strong similarities [7] , but the Mughrabi composite model relies on the LRIS to rationalize the Bauschinger effect, whereas the Orowan-Sleeswyk model does not.
Earlier work by one of the authors measured the Bauschinger effect in 304 stainless steel at elevated temperature as a function of strain [8] and found that the Bauschinger effect becomes more pronounced as the strain increases, coincident with the development of a cellular substructure evident using transmission electron microscopy (TEM). It is important to note that, in this work, a pronounced Bauschinger effect is evident even when TEM reveals an absence of a cellular substructure at a strain of 0.05. It should also be mentioned that in both high-purity Cu single crystals at ambient temperature [9, 10] and high-purity polycrystalline Al at 77 K [11] , a pronounced Bauschinger effect is observed after initial strains of less than one percent and before dislocation cell walls are expected to be established. Laird [10] illustrates that undeformed Cu single crystals oriented for single slip show a dramatic Bauschinger effect after just 0.005 plastic strain.
These observations demonstrate that the Bauschinger effect can occur in the absence of a cellular substructure, but may become more pronounced with the development of dislocation cells/subgrains with coincident LRIS. Thus, it appears feasible that both the Orowan-Sleeswyk model and the composite model are relevant to the Bauschinger effect.
A critical requirement for the relevance of the composite model to the Bauschinger effect is that the LRIS must be present during reverse deformation over a strain range comparable to the reversible strain, b. An objective of this research is to assess the LRIS over this reverse strain range (e.g., 2%). A persistence of the LRIS over b is a necessary condition for the LRIS to rationalize the Bauschinger effect in the [100]-oriented Cu single crystals.
Earlier work by the authors [12, 13] examined the long-range internal stresses in [100] copper single crystals deformed to compressive and tensile true strains of about ; 0.3. Changes in the lattice parameter along the [100] direction (compression/tension axes) were measured using synchrotron X-ray microdiffraction. (The experimental procedure is discussed in [12, 13] by the authors.) The experimental procedure allowed lattice parameter (up in diagram) and eventually encounters a relatively high linear density of obstacles (top). On reversal, the dislocation glides a relatively large distance (strain) before it encounters the same density of dislocation obstacles (bottom) in the forward sense (cell walls) [4, 5] .
measurements within a three-dimensional (3D) sample volume that was roughly cubical with an edge size of approximately 0.5 lm (i.e., often a ''cube'' that can fit within a single dislocation cell).
Lattice parameter measurements were taken on individual cell interiors and individual cell walls [13] . It was concluded that the LRIS were about ± 0.10 the applied stress (s a ) in both the cell interiors and the cell walls; the stresses in the walls and cells have opposite sign, and the applied stress was about ; 210 MPa. The dislocations are arranged in lowmisorientation (h \ 0.1°) cells with the volume fraction of cell walls approximately equal to that of the low dislocation-density cell interiors. As Eqs. 1 and 2 suggest and as mentioned earlier, the LRIS are defined here as the difference between the applied stress and the local stress in the microstructure. Thus, the LRIS are simply the local stresses in the unloaded state of the deformed Cu crystal.
This study examines the values of the long-range internal stresses both after about 0.3 strain in compression (to compare with our earlier work that was previously discussed) and, for the first time, after reversal to 0.02 strain in tension (within the 0.02 to 0.03 strain range over which the Bauschinger effect is typically observed) in [100]-oriented Cu single crystals. As described above, this will further test the viability of the composite model as a path to rationalize the Bauschinger effect. This requirement is absent for the Orowan-Sleeswyk model; only a heterogeneous distribution of obstacles is critical.
Experimental procedure
Two nominally identical, [100]-oriented, dogboneshaped, 99.999% pure, Cu single crystals were deformed in a mechanical testing machine fitted with a digital image correlation (DIC) system. Both samples were deformed in compression to approximately -0.3 true strain. The second specimen was subsequently deformed in tension. Deforming first in compression allowed us to compare the results to previous compression-only results [13] , although this choice is contrary to how the composite model is typically introduced and is shown in Fig. 2 . The sample geometry and substantial work hardening resulted in some variation in the strain fields, mainly via localized macroscopic shear that developed near the ends of the reduced parallel length. A cross section of each sample was selected for further analysis and informed the DIC data analysis. Both samples were cut in half using electrical discharge machining (EDM) perpendicular to the deformation axis in the center of the gage section. The recast layer was removed using electropolishing and microbeam X-ray diffraction verified that all surface damage was removed. Figure 3 shows the true stress-true strain behavior from the compression ? tension sample. True strain values were extracted from an approximately 0.7 mm 9 0.7 mm square region on the sample surface with the center aligned to the location of microbeam analysis. True stress was calculated using the applied load, initial cross-sectional area, and the average of true strain values parallel to the applied load on a line perpendicular to the loading direction and passing through the area used for strain measurements. The reported strain includes elastic and plastic components and is likely a lower bound on the strain due to the size of the correlation window and strain filtering parameters. As shown for the compression ? tension data in Fig. 3 , the measured true strain in compression was approximately -0.328 with a flow stress of -245 MPa and a tensile strain of approximately ? 0.02 following unloading. It should be mentioned that the specimen ends are constrained in this sample geometry, with significant barreling and triaxiality likely causing additional axial stress and contributing to the larger -245 MPa stress than the -210 MPa stress measured in our earlier compression work, where the constraint was minimal. Early deviations from linear elastic behavior Figure 2 Subtracting the reverse strain, b, from the cumulative strain after the first reversal causes the reverse curve to approach the extrapolated forward curve in zinc single crystals [6] .
in Fig. 3 , on reversal, may not be fully reliable, and the elastic modulus in Fig. 3 is low. Thus, notwithstanding, the pronounced Bauschinger effect is clearly evident. Careful repeated reversed mechanical testing by Sauzay [14] and Gong et al. [15] for [100]-oriented Cu single crystals and by the authors on Cu single crystals oriented for single slip [9] shows that copper single crystals evince a very pronounced Bauschinger effect at low strain levels. Figure 3 simply verifies our reverse deformation experiments and illustrates a pronounced Bauschinger effect.
Microbeam diffraction measurements were taken at the 34ID-E beamline at the Advanced Photon Source (APS), Argonne National Laboratory. The experimental methods used were virtually identical to those described elsewhere [13] . Briefly, the incident X-ray beam was converged to & 0.5 lm cross-sectional diameter using crossed Kirkpatrick Baez focusing optics. Using a translating monochromator, the incident beam can be polychromatic or monochromatic, with an adjustable energy from about 12 keV to 24 keV. The incident beam intersected the cut surface of the samples at 45°, and the diffracted intensity from the axial (600) reflection was detected using a 2D X-ray detector. A high spatial resolution of & 0.5 lm within the sample along the beam path was obtained using a translating, depth profiling, platinum wire that is scanned across the sample surface, blocking diffracted intensity from the sample. The depths from which the X-rays originate are then determined by triangulation.
For these measurements, the profiling wire and X-ray energy scans were conducted to obtain diffraction line profiles from multiple individual dislocation cell interiors; the X-ray energy was scanned from 13.5 to 14.5 keV in 3 eV steps, allowing absolute (006) lattice parameters to be measured. Cell interior line profiles were then summed to obtain a cell interior subpeak. Seventy independent cell interior line profiles were measured from the compression-only specimen, and 68 were measured from the compression-tension specimen. Previous studies have demonstrated that this is an adequate sampling of the cell interior strains [13, 16] . Monochromatic scans from the same sample volumes without the depth-resolving wire were conducted to measure the shapes of the line profiles for all the material along the beam path (including both cell interiors and cell walls). As mentioned earlier, detailed transmission electron microscopy and X-ray diffraction measurements were taken on these and similar samples, demonstrating that the ratio of cell wall to cell interior volume is close to 1:1 [13] . Scaling the cell interior subpeak using this ratio and subtracting from the measured complete-material profile allows the cell wall subpeak to be extracted. This procedure was tested using data obtained from [13] , providing essentially indistinguishable results.
Results and discussion
The results are illustrated in Figs. 3 and 4. Figure 3 shows the true stress, true strain data upon reversed deformation in the [100]-oriented Cu single crystal, and a pronounced Bauschinger effect is evident; even after 2% reversed stain, the flow stress did not return to the same (opposite sign) stress as at unloading from compression. After 2% strain on reversal, the flow stress is only about 175 MPa and has not returned to that which was observed prior to unloading of about 250 MPa. It also can be noted that some non-elastic reversed strain (\ 10 -3 ) is evident at unloading to zero stress, but as mentioned earlier, the authors do not believe that conclusions based on the early strains on reversal (i.e., much less than 2%) are possible.
The LRIS values are listed in Table 1 and are in excellent agreement with our earlier compression studies. Figure 4a shows the X-ray line profile and subpeaks in the compression sample. Figure 4b illustrates the X-ray line profile and subpeaks from the compression ? tension specimen. We notice that, on reversal, the three peaks sharpen; they are significantly narrower than the diffraction peaks from the compression-only sample. The sharpening is likely due to a decrease in dislocation density after tensile deformation, presumably by dynamic recovery. However, the LRIS is unchanged since the position of the peaks is unchanged (see Table 1 ).
The observation that the subpeak positions remain unchanged while reduction in width implies that, during reversal, substantial dislocation recovery occurs but the dislocations within the cell walls that are responsible for the dipolar LRIS are stable after a reversed deformation to ? 0.02 strain. This persistence is a necessary condition for the composite model to contribute to the Bauschinger effect.
Conclusions
Two [001]-oriented Cu single crystals were deformed in compression to a strain of about -0.3, and one was subsequently reverse deformed in tension to a strain of about ? 0.02. Synchrotron X-ray microbeam diffraction was used to measure the axial elastic strains within dislocation cell interiors in the compression sample and in the compression-tension sample, allowing the cell interior and cell wall subprofiles to be obtained. The observed LRIS persists over a reversed plastic strain of ? 0.02, despite an overall decrease in the dislocation density, as evidenced by the decreased profile widths. This satisfies a necessary condition for the composite model to explain/contribute to the Bauschinger effect. However, more detailed theoretical or computational models of the Bauschinger effect in these complex deformation states are needed to make a quantitative assessment of how much of the observed Bauschinger effect originates from the measured 0.1 s a LRIS.
In addition, in the case of early strains (e.g., less than 1% strain in at least the systems referenced) before cellular substructures develop, the observation of a very pronounced Bauschinger effect suggests that at least some of the Bauschinger effect can also be rationalized by the Orowan-Sleeswyk model. Thus, there is strong evidence that both models play a role during plastic deformation. As mentioned earlier, with increasing strain prior to reversal, the magnitude of the Bauschinger effect [8] and b (approximate ''depth and width'' on a stress vs. strain plot) suggests that the composite model leading to LRIS is also contributing to the Bauschinger effect. 
